While it is generally accepted that foveal visual acuity in the adult has reached an optimal value, claims for improvement of peripheral acuity with training in the adult persist in the literature. Practice effects in peripheral hyperacuity have been amply documented. A carefully controlled test is here reported to examine the influence of training on the resolution thresholds for two lines and on Landolt C acuity measurements in the retinal periphery in eight normal adults. It involved 11 -30 daily sessions of 300 responses with feedback. In some observers the first day's results were somewhat poorer, but otherwise the threshold curves were essential flat. Yet in the same location vernier acuity could be improved by 50% in six training sessions. Sustained and lasting neural modifications in peripheral vision can take place in stereoscopic, orientation, vernier, bisection and time discriminations, but not in resolution and Landolt C acuities.
Introduction
There is considerable current interest in adult plasticity of even the earliest cortical functions (Gilbert, 1998) . Modern research has clearly demonstrated that spatial visual functions such as orientation discrimination, bisection and vernier acuity in the visual periphery can be improved by training by factors of as much as three in the normal adult (Schoups, Vogels, & Orban, 1995; Crist, Kapadia, Westheimer, & Gilbert, 1997) . The same functions measured foveally often improve somewhat during the first few hundred trials (Fahle, Edelman, & Poggio, 1995) , but the evidence for their sustained improvement through training in the fovea is less clear (Bennett and Westheimer, 1991) . The widespread utilization of foveal Snellen acuity measurements in the clinic, relied on for over 100 years as an indicator of possible change in visual function, makes it unlikely that significant training factors in the adult have been overlooked. However, the evidence for the periphery is more equivocal.
When subsequent measurements of a visual function show lower thresholds than original ones, three broad categories of factors may be involved: 1. The observer initially may not have fully understood the task or the appropriate response mode. This phase of learning is most exaggerated in animal research, where simple demonstration and verbal explanations are not feasible. Thus, the fact that a visual threshold has improved does not necessarily indicate a change in functioning of visual pathways. 2. Even when such problems have been obviated, as when an observer has fully developed the skill of fixation and the motor aspect of respondinge.g.,pressing the appropriate button, -thresholds often improve during the first two or three sessions. It requires careful experimental controls to distinguish this fast perceptual learning from an observer merely gaining an understanding and familiarity with the task. Fast perceptual learning in general has run its course within 300 trials. Fahle et al. have recently documented this process (e.g. Fahle et al., 1995) . 3. However, even when all the precautions have been taken to familiarize the observer with the task and the response mode, and the first few hundred re-sponses have been discarded, there are situations in which further threshold improvements take place. They are not dependent on error feedback, and proceed for many sessions. Several thousand responses spread over several weeks have demonstrated threshold improvements by factors of as much as three, the improvements being maintained for months or years. Foveal and peripheral stereoacuity (Fendick & Westheimer, 1983; Westheimer & Truong, 1988) foveal duration discrimination (Westheimer, 1999) and peripheral hyperacuity (Schoups et al., 1995; Crist et al., 1997) all manifest these changes. Claims of improvement of peripheral visual acuity with practice go back to the beginning of the use of Snellen letters in the 19th century. Dobrowolsky and Gaine (1875) reported that daily practice for 6 weeks gave continued improvement of peripheral visual acuity, using Snellen letters. Hoffmann (1920) commented on the great influence of practice on peripheral visual acuity and expressed his belief that it can be explained by learning to detect finer differences in stimulus strength in adjoining sensory elements. In his influential review Guillery (1931) mentioned that one can observe clinically that, on loss of central vision, a certain amount of improvement in the periphery is possible. Low (1943) using the Landolt C test compared testretest results and interpreted the bona fide improvement in peripheral visual acuity as due to the practice afforded during his two tests, each of which lasted 40 -60 min. More recently, Saugstadt and Lie (1964) found an improvement in the proportion of Landolt C letters correctly identified by their subjects in the 55°periphery following several weeks of training.
As compared with the demonstration of practice effects in peripheral hyperacuity, which has received ample confirmation, there is little modern work on learning of visual acuity in the retinal periphery. The most careful study is that of Beard, Levi, and Reich (1995) where nine observers were each subjected to 6 training days in which they gave 1020 responses in a peripheral resolution task. The stimulus pattern consisted of three parallel lines, of which one at random was not continuous but interrupted. To obviate luminance cues the broken line was brighter to give the same length-average intensity as the others. This permitted application of proper psychophysical procedures and the determination of a resolution threshold. Six of the nine observers showed no change over the 6 training days, two improved during intermediate days but ended up close to where they started, and one showed no learning during the first five days and an improved performance on the last day. Taken as a whole, the almost complete absence of training in Beard et al.'s observers contradicts the consensus of the previous literature, which had pointed heavily to learning. However, because the careful research by Beard et al. was conducted on a primitive resolution task (is the test line continuous or interrupted?) whereas all the previous claims for perceptual learning of visual acuity were based on Snellen or Landolt letters, there remains the possibility that the discrepancy is due to the higher perceptual demands in the latter tasks. The current study was therefore designed to look for perceptual learning in the retinal periphery of adults, using both a simple resolution task and Landolt C's. Results were previously communicated in an ARVO presentation in 1999 (I.O.V.S. 40, S586.)
Methods
Observers were trained in two resolution tasks, twoline resolution and Landolt C's. Targets were generated on computers and displayed on CRT monitors for 300 ms. A fixation point was shown continuously and the observers, who were all experienced psychophysical subjects, maintained fixation constantly on that point. With respect to the target, the fixation spot was 5°e ither directly to the left, or up and to the left of the target location; observer GW also duplicated the results with a fixation point that was 18°up and to the left. The experiments were performed in a semi-dark room, binocularly with natural pupils and such refractive correction as was needed for the target distance, which was usually close to 2 m, except for observer GW's 18°d ata, when it was 57 cm. Results were accumulated in runs of 300 trials per day. Observer GW maintained a regular schedule of daily runs until each series was completed, the others followed a schedule of about five sessions a week.
A total of eight observers participated in the study. The author and subject CW are senior scientists with much experience in psychophysical observation. The others six were undergraduates in the age range 20-24 years, with previous practice in foveal spatial visual experiments but, at the time of data acquisition, naïve as to the purpose of the research.
All patterns were composed of white pixels, about 70 cpd/m 2 and the background had a luminance of 1 cd/m 2 . In the two-line resolution experiment, a two-interval forced-choice procedure was adopted. In a set of paired presentations, separated by an interval of 500 ms, randomly one was a thick bar and the other was a pair of lines. The bars and lines were vertical and constructed such that the total flux emanating from them and their perceived width was the same: the observer had to base the decision, if necessary by guessing, solely on the criterion of doubleness or singleness, i.e. on the presence of a cleft or brightness-indentation within the elongated stimulus. The patterns were presented randomly in one of seven sizes, width and Fig. 1 . Minimum angle of resolution in a sequence of daily sessions of 300 trials in four observers in the retinal periphery. To ensure a true resolution threshold, a two-interval forced choice psychophysical procedure required the observer to distinguish between a solid vertical bars and a pair of lines with identical total light emittance and apparent width. Feedback was provided. High contrast white patterns, 300 ms exposure duration, fixation point 5°to the left, except in the case of GW 18°, where it was 18°up and to the left. height being varied together proportionally. This methods contains its own controls: for the narrowest patterns, the results should be based entirely on guessing with a 50% correct score, and the latter should increase to 100% with increasing pattern size. Thresholds were identified as the 75% points on the psychometric curve. Adjusted probit calculations gave low chi-square values and small standard errors.
In the Landolt C experiments, bright circles with line width 1/5 of the outer diameters were constructed, and an obscuring square placed randomly in the 0, 90, 180 or 270°locations on the circle. The observer had to indicate the direction of the gap, by pressing one of the four arrow keys on a keyboard. There was a set of identical patterns differing in size in seven steps. In each presentation the observer was shown a C at random of one of the seven sizes and one of the four gap directions. In the analysis of results, correction for guessing was applied. Results in the two resolution tasks are given in arcmin minimum angle of resolution and are typical for the retinal eccentricities.
The observers had no difficulty maintaining fixation on a spot while at the same time responding to a target presented in their retinal periphery, as is common practice in many visual experiments and also, of course, in routine clinical visual field tests. Exposure duration was 300 ms in some observers, but it was reduced to 200 ms in others just to ensure that quick refixation eye movements could not be a factor. In any case, the threshold values in all observers were in the range appropriate for the retinal region but many times higher than in the fovea.
As a control, one observer also performed a set of training runs on a vernier task, where two vertical lines, 30 arcmin high and separated by a 3 arcmin gap, had the direction of their misalignment judged. 
Results
Visual acuity training results for all observers are shown in the individual panels of Figs. 1 and 2 , plotted in the customary way as resolution threshold in minutes of arc, on a logarithmic scale, as a function of session number. Fig. 1 contains results for the two-line resolution task and illustrates that there is essentially no perceptual learning for this task in the retinal periphery. This is more or less in accord with the findings of Beard et al. (1995) . The claims for learning in Landolt C acuity in the early literature are not supported by the curves in Fig. 2 where the training curves are essentially flat. Some observers, e.g. GW at 5°and NS, manifest a higher threshold on the first day. This can be read as a manifestation of fast perceptual learning, frequently seen in this kind of experimentation. In situations in which learning is not an issue, this is usually taken care of by disregarding the results of the first day or two, thus ensuring stationary basis for drawing conclusions about psychophysical processes. However, when learning is the specific object of inquiry, all data must be left on the table. If one ignores the first day's threshold in these isolated cases, there remain daily variations of 10 or 15%. Even in observer NS, the only one showing some learning, the picture is quite unlike the typical one of perceptual learning in the retinal periphery when one expects an improvements of 50% or more, developed over several sessions and then maintained for many sessions.
To make sure of this distinction, one observer JN, was subjected to a training routine for a vernier task in the same retinal location in which he showed no learning for two-line resolution and Landolt C acuity. Fig. 3 shows that he is quite typical in demonstrating a 50% improvement in vernier alignment threshold in six daily sessions of 300 responses. This provides convincing evidence that failure to improve with training is not a function of the observer or the retinal location but is specific to the resolution task. 
Discussion
Though evidence for fast perceptual learning is not entirely absent in some of the training curves, on the whole the data overwhelmingly favor the view that peripheral visual acuity cannot profit from repeating responses on many days and thousands of trials with feedback of results.
Improvement of performance with repetition, generally called learning, is not a unitary phenomenon. Of particular current interest is a sustained and lasting change that has synaptic plasticity as its likely cause (Gilbert, 1998) . Hence, the elimination of simple procedural and instrumental factors is the first order of business in an investigation. The studies cited may be assumed to have taken care of this. More recently it has become apparent that there are short-term improvements, in which even seasoned observers manifest some threshold reductions during the first few hundred trials in a new task. This fast perceptual learning, though it surely has a neural substrate, can be further differentiated from true perceptual learning, in which threshold reductions of several-fold take place during courses of several thousand responses over many days, and in which the performance improvements remain in place for months and years. There it is a reasonable expectation that permanent changes in synaptic connectivity have been established in the relevant neural pathways. This is of particular interest because it occurs in the adult, well after the maturation effects of infancy, depending as they do on innate and environmental factors, have run their course. When a particular function can be improved by training and a related one cannot, it is reasonable to assume that the particular neural stage that has been modified by practice does not participate in the same way in the processing of the second task. This enables us to draw a distinction between the neural stages at which resolution is processed and those for other spatial localization tasks, such as orientation, vernier and bisection acuity. It can be argued that where there is no learning the processing is of a more primitive kind, more robust and nearer to sensory origins. And it is generally conceded that resolution has a strong retinal basis, and depends on the spacing of retinal elements in a more elementary way than other localization tasks of the hyperacuity kind which by their very nature contain a major element of sophisticated (cortical) processing. But it does not necessarily follow that resolution processing lacks cortical components. visual acuity is, therefore, an additional findings which offsets resolution, i.e. the detection of a small gap within a feature, from the processing of the feature's location or orientation.
In the classical analysis of two-line resolution, it is supposed that for the criterion of perceptual doubleness to be achieved, the cleft, i.e. the trough between two peaks (optical and subsequently neural), has to reach detection level. For a given pattern containing an optical gap, the peaks become more separate as its size is increased and the trough between them deepens. Though this process goes first through optical and retinal receptor stages, there are then cortical signals on which the decision mechanism surely operates. That resolution is not subject to training distinguishes the involved circuits from those operating in the elaboration of the orientation and fine localization attributes of visual features. In this connection one can point to further differences between visual acuity and other spatial localization tasks. The decrease of visual acuity with increasing eccentricity follows a different pattern than either hyperacuity thresholds or optimum processing distances for hyperacuity (Westheimer, 1982; Levi, Klein, & Aitsebaomo, 1985) . The enlargement of receptive fields inside an artificial scotoma (Pettet & Gilbert, 1992) which shows up in large shifts in spatial localization (Kapadia, Gilbert, & Westheimer, 1994) leaves two-line resolution unaffected (Westheimer, in preparation) . The absence of training effects in peripheral .
